IUGR is a condition associated with placental insufficiency as a result of shallow trophoblast invasion during the early stages of gestation (1) . Besides its relevance as an important cause of perinatal mortality and morbidity, a great number of studies have reported that low birth weight is a major determinant of cardiovascular disease and glucose intolerance in adult life (2) (3) (4) . Knowledge about this condition has been expanded in the last decade by exploiting the possibility of obtaining fetal blood in utero by FBS. By this means, placental supply of amino acids has been shown to be significantly altered in pregnancies associated with IUGR (5, 6), even when oxygenation and acid-base balance are not impaired (7) .
During the third trimester intrauterine growth of the fetus is accompanied by a large deposition of fat tissue (8) . Fetal fat content increases from 0.7 to 3.1 g/100 g weight at 25 wk to 10.2 to 16.1 g/100 g weight at term (9) . LC-PUFA are deposited in large amounts in the fetal brain during the period of maximum brain growth in the last trimester of pregnancy and first months of postnatal life (10 -12) . The incorporation of preformed AA and DHA into the developing brain is selective and more than 10 times faster than incorporation via the biosynthetic routes from LA and ␣LA (13, 14) . Because the placenta does not seem to desaturate LA and ␣LA, most of the -3 and -6 fatty acid structure acquired by the fetus in utero has to cross the placenta, and in normal pregnancies the biggest determinant of fatty acid delivery to the fetus is the concentration in the maternal circulation (15) , which is strongly related to maternal fatty acid intake.
EFAs of the -3 and -6 series are mainly provided to the placenta by nonesterified fatty acids derived from TGs by lipoproteins of maternal adipose tissue and liver (16) . The percent composition of EFAs and LC-PUFA has been reported as significantly different in fetal than in maternal blood, indicating an important role of the placenta in handling the fatty acid supply to the fetus (17, 18) .
The aim of the present study is 1) to investigate fatty acid composition of maternal and fetal blood in the second half of gestation, and 2) to evaluate fetal-maternal fatty acid relationships in normal and IUGR pregnancies.
METHODS
The studies were performed in the Departments of Obstetrics and Gynecology and of Pediatrics of the San Paolo Hospital. The protocol was approved by the San Paolo Institute Board. Informed consent was obtained from all pregnant women.
Subjects. Twenty-one pregnancies were studied at the time of FBS performed between 19 and 39 wk of gestation. Gestational age was determined according to the onset of the last menstrual period and by an ultrasonographic examination performed before 20 wk of gestation.
Patterns of intrauterine fetal growth were defined by ultrasound performed during pregnancy and confirmed at birth. Two groups of pregnancies were studied: 1) 11 pregnancies carried normally grown fetuses that were AGA at birth according to Italian standards for birth weight and gestational age (19) . These pregnant women underwent FBS for prenatal diagnosis (rapid karyotyping, maternal infections, maternal thrombocytopenia) and demonstrated absence of the pathology (normal group); and 2) 10 pregnancies carried IUGR fetuses identified by serial ultrasound examinations. In utero measurements of abdominal circumferences of IUGR fetuses were below the 10th percentile of reference values for fetuses of similar ages, and they showed a decrease of more than 40 percentiles from their growth curve. In these cases FBS was performed for rapid karyotyping and biochemical assessment of oxygenation and acid-base values as part of our routine clinical protocol (6) . Growth restriction was confirmed at birth if the neonatal weight was below the 10th percentile according to Italian standards for birth weight and gestational age (19) .
All fetuses had normal karyotypes and no malformations at birth. Exclusion criteria for both normal and IUGR pregnancies were subsequent development of gestational diabetes or pregnancy-induced hypertension.
The maternal characteristics, gestational age, and fetal weights of the AGA and IUGR population are presented in Table 1 .
Fetal blood sampling. The procedure was performed after an overnight fast, without maternal anesthesia. Fetal blood was obtained from the umbilical vein. The site of sampling was assessed by ultrasonographic imaging with a 5-MHz sector transducer, by determination of nonpulsatile flow in the vessel, and by imaging the direction of flow by observing the bubbling effect produced by the injection of 2 mL of isotonic saline solution. A maternal sample was collected from the radial vein simultaneously to FBS.
Biochemical analyses and calculations. Lipids were extracted by the method of Folch et al. (20) and determined gravimetrically (21) . Plasma fractions were separated by thinlayer chromatography. Total concentrations and percentage levels were measured in plasma, and then percentages of fatty acids were evaluated in PL, TG, and CE. For plasma lipids we refer to fatty acid composition of plasma total lipids, including PL, CE, TG, and the small fraction of FFA.
Lipid fractions (TG, PL, and CE) were separated on silica gel plates (Merck, Darmstadt, Germany) in chloroform/ methanol/glacial acetic acid/water (50:30:10:3 vol/vol/vol/ vol). Fatty acids were trans-esterified with methanolic hydrochloride and analyzed by high-resolution gas chromatography (Mega 2 GC, Fisons Instruments, Rodano, Italy), equipped with a flame ionization detector and fused silica capillary column (Supelco Omegawax 320, 30 m in length, 0.32 mm internal diameter, and 0.25-m-thick film). Column temperature programing was increased from 60°C to 150°C by 10°C/ min increments, from 150°C to 170°C by 5°C/min increments, and from 170°C to 235°C by 2°C/min increments and held for 30 min. Individual detector outputs were identified using pure reference compounds and by mass spectrometry (Trio 1000, Fisons Instruments, Italy) and expressed as weight percentage of fatty acid methyl esters. Peak areas were calculated on Chrom-Card software using heptadecanoic acid as internal standard. The detected molecules were C 16:0 , C 18:0 , and C 24:0 in the saturated class, C 16:1 -7 , C 18:1 -9 , C 18:1 -7 , and C 24:1 -9 in the monounsaturated, and C 18:2 -6 , C 18:3 -6 , C 18:3 -3 , C 20:3 -9, C 20:3 -6 , C 20:4 -6 , C 20:5 -3 , C 22:4 -6 , C 22:5 -6 , C 22:5 -3 , and C 22:6 -3 in the polyunsaturated.
The EFA status was calculated as the ratio between the sum of the -3 and -6 fatty acids and the sum of the -7 and -9 fatty acids (22) . The conversion ratio for -3 and -6 was calculated as the ratio between AA and LA (C 20:4 -6 /C 18:2 -6 ) and the ratio between DHA and ␣LN (C 22:6 -3 /C 18:3 -3 ), respectively.
Statistical analysis. All results are expressed as mean Ϯ SD. The significance of the difference between groups was calculated with unpaired two-tailed t test. The significance of the 
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difference between maternal and fetal samples was calculated with a two-tailed t test for paired samples. Linear regression analyses were performed by the least squares method. The limit of statistical significance was set at p Ͻ 0.05.
RESULTS
Maternal and fetal fatty acids during gestation. Table 2 presents mean maternal and fetal plasma fatty acid concentrations in normal and IUGR pregnancies. In both groups absolute amounts of total plasma lipids were significantly higher in mothers than in fetuses, with a significant relationship between umbilical venous and maternal venous plasma concentrations (Fig. 1) . Tables 3 and 4 present average relative percentages of fatty acids in maternal and fetal plasma, respectively, of normal and IUGR pregnancies.
No changes related to gestation were observed in maternal plasma fatty acid concentrations and percentages. Significant changes with gestation were observed for some fatty acids in normal fetuses. The saturated fatty acid palmitic acid (C 16:0 ) increased significantly in plasma (r 2 ϭ 0.41; p Ͻ 0.05) whereas the monounsaturated oleic acid (C 18:1 -9 ) decreased significantly (r 2 ϭ 0.62; p Ͻ 0.01). The changes observed in some fetal fatty acids led to a significant increase in saturated (r 2 ϭ 0.56; p Ͻ 0.05) and polyunsaturated fatty acids (r 2 ϭ 0.40; p Ͻ 0.05) and a significant decrease in monounsaturated fatty acids (r 2 ϭ 0.62; p Ͻ 0.01) in relation to gestation in normal fetuses. The plasma EFA status increased significantly in relation to gestation in both AGA and IUGR fetuses (Fig. 2) , with no significant differences between AGA and IUGR. Inasmuch as no significant changes related to gestation were observed in the EFA status in maternal plasma of both AGA (1.47 Ϯ 0.28%) and IUGR (1.40 Ϯ 0.24%) pregnancies, the F/M ratio for EFA status increased significantly with gestation (r 2 ϭ 0.61; p Ͻ 0.001). The percentages of LA (C 18:2 -6 ) and ␣LA (C 18:3 -3 ) were significantly higher in maternal compared with fetal plasma, whereas their main metabolites AA (C 20:4 -6) and DHA (C 22:6 -3 ) were significantly higher in fetal than in maternal plasma.
Comparison between normal and IUGR pregnancies. Although total plasma lipid concentrations were not significantly different in mothers and fetuses of IUGR compared with (Table 2) , among -3 and -6 fatty acids significant differences were observed in the plasma fatty acid percent composition of maternal (Table 3 ) and fetal (Table 4) blood of IUGR compared with normal pregnancies. Significant differences were observed in maternal plasma of IUGR compared with normal pregnancies for the percentages of C 22:1 , C 18:2 -6 , C 20:3 -6 , C 22:4 -6 , C 20:5 -3 , and C 22:5 -3 . The percentage of LA was also significantly lower in the PL fraction of IUGR compared with AGA mothers (Table 3) .
In fetal plasma, significant differences were observed between AGA and IUGR for C 16:0 and C 22:5 -6 . The percentage of LA was significantly higher in the TG fraction of IUGR compared with AGA fetuses (Table 4) 
DISCUSSION
The present study investigates fetal-maternal fatty acid relationships in a relatively undisturbed condition throughout the second half of gestation. Our data confirm that, although total plasma fetal and maternal lipids are significantly related, the supply of fatty acids to the fetus is different from the fatty acid composition of maternal blood, with significantly lower fetal fatty acid concentrations and differences in the relative amounts of a number of fatty acids, supportive of significant placental handling.
In our study, the proportions of DHA and AA are significantly higher in the fetus than in the mother, whereas their precursors, LA and ␣LA are proportionally higher in the mother than in the fetus. This is in agreement with a number of previous studies reporting that the proportions of AA and DHA are sharply increased across the placenta in term pregnancies (17, 18, (23) (24) (25) (26) . Both total and relative maternal fatty acid concentrations did not change in the range of gestation studied, confirming that most changes in maternal plasma fatty acid composition occur in the first half of pregnancy (27) . Therefore, the gestational changes observed in the fetal circulation cannot be accounted for by maternal changes. Rather, these differences could be related to developmental maturation either in placental transfer capabilities or in the conversion enzymes within the placenta or fetal liver. Most interestingly, we report a significant increase with gestation in plasma saturated and polyunsaturated fatty acids, whereas monounsaturated fatty acids decreased significantly. These changes led to a significant increase in fetal plasma LC-PUFA with gestation, suggesting a developmental maturation, and a possible role in premature delivery. Similar changes were recently reported in a large neonate population studied between 37 and 41 wk of gestation (28) .
Fetal growth presents an exponential increase in the second half of gestation, with the fetus growing 1.5% per day (9) . This growth is accompanied by significant changes in body composition as gestation advances, with a reduction in total body water concentration and a large and exponential increase in fat tissue deposition (29) . From a nutritional point of view, in late gestation approximately 80% of the caloric needs for new tissue accretion are required for deposition of fat (9) . Substantial differences in total body fat have been reported among fetuses with different patterns of intrauterine growth (9), consistent with the common observation that IUGR infants are born with reduced fat stores.
Interestingly, in our study this increase was similar in both normal fetuses and in IUGR fetuses. However, although no significant differences were observed in total fatty acid supply in both maternal and fetal plasma in IUGR compared with normal pregnancies, in IUGR the F/M ratios for the relative amounts of DHA and AA were significantly lower than in normal pregnancies. One of the benefits of studying samples obtained in utero is the possibility of having control samples of similar gestational age as the IUGR, as data obtained at delivery are usually at different gestational ages between AGA and IUGR. However, similar results had been previously reported in a group of less severe small for gestational age fetuses studied at delivery after 34 wk (30) . Our data show that the proportion of the LC-PUFA metabolites AA and DHA to their precursors LA and ␣LA, respectively, was significantly decreased in fetal plasma of IUGR pregnancies relative to maternal plasma. In the last several years, evidence has accumulated suggesting that deficits of AA and DHA contribute to the neural and vascular complications of preterm infants. LC-PUFA are constituents of the lipid bilayer and changes in their supply could provide the biochemical basis for the membrane disorders that characterize prematurity leading to immediate consequences such as intraventricular hemorrhage and retinopathy (31) . These changes could also be associated with poor vascular development and the long-term consequences associated with IUGR (2-4).
It is interesting to note that both -3 and -6 LC-PUFA families present a decreased proportion of their derivatives, AA and DHA, compared with their precursors, LA and ␣LA, 754 in fetal compared with maternal blood of IUGR pregnancies. This can be because of differences in placental uptake or differences in synthesis within the fetal-placental unit. However, studies performed in the perfused placenta do not support the presence of a significant conversion of AA and DHA from LA and ␣LA occurring in the placenta (32) . We cannot exclude that the differences in the relative proportions of LC-PUFA in IUGR pregnancies could be accounted for by different maternal nutritional conditions. However, the percentage of LA was significantly lower in mothers of IUGR, in contrast to the significant increase found in the fetal circulation. Moreover, changes in maternal metabolism should also be considered for fatty acids, as has been demonstrated for amino acids in mothers of IUGR (6). To our knowledge, this is the first study to investigate fetal-maternal fatty acid relationships in IUGR pregnancies sampled in utero. We have previously reported that IUGR is a condition associated with changes in placental transport of amino acids occurring early and independently from the presence of hypoxia or lactacidemia (7) . Moreover, we have recently shown that fetal leptin concentrations, a hormone produced by fat and also by the placenta, are increased on a per kilogram basis in those IUGR fetuses with signs of hypoxia or lactacidemia (33) . We may speculate that the changes that we describe in the relative supply of fetal fatty acids in IUGR pregnancies can be partly related to changes in transport occurring in relation to placental insufficiency. Moreover, placental or fetal conversion rates could also be influenced by changes in endocrine fetal status.
CONCLUSIONS
In conclusion, these data demonstrate that IUGR pregnancies are associated with significant changes in fetal-maternal fatty acid relationships. However, before recommending prophylactic measures in utero, which might perhaps reduce the risk of damages to the brain and retina, further studies are needed to elucidate the role of the placenta in fatty acid supply to the fetus and its relationships to fetal growth. In the meantime, IUGR infants could be considered for dietary LC-PUFA supplementation to restore a physiologic LC-PUFA composition of their body pools.
